Most natural freshwater lakes are net greenhouse gases (GHG) emitters. Compared to 25 natural systems, human perturbations such as watershed wood harvesting and long term reservoir 26 impoundment lead to profound alterations of biogeochemical processes involved in the aquatic 27 cycle of carbon (C). We exploited these anthropogenic alterations to describe the C dynamics in 28 five lakes and two reservoirs from the boreal forest through the analysis of dissolved carbon 29 dioxide (CO 2 ), methane (CH 4 ), oxygen (O 2 ), and organic carbon (DOC), as well as total nitrogen 30 (TN) and phosphorus (TP). Dissolved and particulate organic matter, forest soil/litter and 31 leachates, as well as dissolved inorganic carbon (DIC) were analyzed for elemental and stable 32 isotopic compositions (atomic C:N ratios, δ 13 C org , δ 13 C inorg and δ 15 N tot ). We found links between 33 the export of terrestrial OM to these systems and the dissolved CO 2 and O 2 concentrations in the 34 water column, as well as CO 2 fluxes to the atmosphere. All systems were GHG emitters, with 35 greater emissions measured for systems with larger inputs of terrestrial OM. The differences in 36 CO 2 concentrations and fluxes appear controlled by bacterial activity in the water column and the 37 sediment. Although we clearly observed differences in the aquatic C cycle between natural and 38 perturbed systems, more work on a larger number of water bodies, and encompassing all four 39 seasons should be undertaken to better understand the controls, rates, as well as spatial and 40 temporal variability of GHG emissions, and to make quantitatively meaningful comparisons of 41 GHG emissions (and other key variables) from natural and perturbed systems. 42 3
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Introduction 43
Surface waters of most lakes worldwide are supersaturated in carbon dioxide (CO 2 ), with 44 partial pressures (pCO 2 ) that can be several times higher than the equilibrium concentration 45 [Kling et al., 1991; Cole et al., 1994] . Dissolved CO 2 supersaturation is fueled by several 46 potential sources, such as terrestrial dissolved inorganic carbon (DIC) inputs from groundwaters, and low oxygen supersaturation levels [Prairie et al., 2002] . Increases in the inputs of 58 terrigenous OM into aquatic systems through flooding (e.g., reservoirs impoundment, erection of 59 beaver dams) or wood harvesting on the watershed thus profoundly affect C cycling in aquatic 60 systems [Duchemin et al., 1995 [Duchemin et al., , 1999 Tremblay et al., 2005] . 61
Reservoirs are typically created for water flow regulation or for hydro power production; 62 they are thus hydrodynamically very different from natural systems, with large variations in 63 depth, generally shallower water columns and, for shallow reservoirs, the absence of water 64 column stratification in the summer. Like natural lakes, reservoirs are net sources of greenhouse 65 gases (GHG) to the atmosphere [Duchemin et al., 1995 per day) within 10 years [Tremblay et al., 2005; Roland et al., 2010] . However, because of the 69 very high spatial and temporal variability in GHG fluxes for lakes and reservoirs, it is still 70 unclear whether GHG emissions from mature reservoirs (i.e., 10-15 years after impoundment) 71 stabilize at levels higher than those measured for nearby natural water bodies [Duchemin et al., 72 1995 [Duchemin et al., 72 , 1999 Tremblay et al., 2005] . Carbon cycling in boreal freshwater aquatic systems is subject to extensive temporal and 87 spatial variability in the inputs and concentrations of dissolved and particulate species, which 88 makes the understanding of the processes that control C dynamics and GHG fluxes extremely 89 that influence carbon dynamics in these systems. The watershed of one reservoir (Decelles) and 116 two lakes (Clair and Bouleau) were wood harvested less than 2 years before sampling, whereas 117 the watersheds of the remaining water bodies were not exploited. While wood harvesting 118 activities represented only about 1 to 5% of the total watershed drainage area, they were located 119 in the direct vicinity of the water bodies, with non-harvested protection bands about 20 m wide 120 along brooks and water bodies. We estimate from satellite pictures that the percentage of the 121 lake/reservoir shoreline (within 2 km from shore) that was harvested is approximately 10-25% 122 for lakes Clair and Bouleau, and about 5% for the Decelles Reservoir. 123
The Cabonga and Decelles reservoirs were impounded in 1928 and 1938, respectively. 124
Both are thus representative cases of mature hydroelectric reservoirs. All lakes and reservoirs 125 had watersheds with 42-74% tree coverage (conifers -mostly spruce, and broad-leaves 126 deciduous species such as maple and birch), and 5 to 32% peatland coverage (never situated in 127 the direct vicinity of the water bodies), with the rest mainly being moist soils with less than 1% 128 of uncovered, mostly granitic, bedrock; additional details on these water bodies are listed in 129 Table 1.  130 To normalize spatial and depth variability, DOM, POM, nutrients as well as dissolved 131 CO 2 and CH 4 were sampled at four stations within each lake, while nine and eleven stations were 132 sampled in the Cabonga and Decelles reservoirs, respectively. Each sampling station was 133 selected randomly at different pelagic and littoral locations that were most representative of the 134 lake/reservoir morphologies based on the water column depth measurement (random stratified 135 sampling).They were visited on three to eight different occasions. 136
Field sampling 137
Carbon dioxide and methane concentrations and fluxes were obtained using the method 138 and equations of Soumis et al. [2008] , based on the work of Cole and Caraco [1998] . Briefly, 139 four 30-mL samples of surface water (0-30 cm) were collected with 60-mL syringes. Upon 140 return to the laboratory, 30-mL of ultrapure nitrogen (N) gas were added to each syringe to 141 create an inert gas headspace. The syringes were hand-shaken for exactly one minute and seated 142 horizontally for two minutes for phase equilibration. The water sample was then slowly expelled 143 from the syringes and its temperature recorded for equilibrium calculations. The concentration of 144 the gas samples was measured with a Varian-Star 3400 gas chromatograph (GC) fitted with 145 flame ionization and thermal conductivity detectors for CH 4 and CO 2 analysis, respectively. All 146 GC analyses were performed within four hours of sampling. Water temperature and wind speed 147 one meter above water surface were recorded on site; wind speed was extrapolated to 10 meters 148 using the method described in Soumis et al. [2008] . Quantification was done using a certified 149 external gas standard of CO 2 and CH 4 , each at a concentration of 1.01 % (Scotty 48, Mix 218, 150 Supelco). 151
Water for nutrient analyses was sampled within the surface layer (0-30 cm) in all water 152 bodies. Water was collected in acid rinsed 60-mL HDPE bottles and kept frozen until analysis. 153
Two 4-mL samples were collected for DOC analysis at each site, doped using mercury 154 dichloride (HgCl 2 ) and kept at 4°C until analysis. Water column CO 2 , CH 4 , DOC and nutrient 155 profiles were also performed at 0.5 to 5-m intervals using a 12-V submersible pump. A 156 comparison of profiles acquired using the pump and a Kemmerer sampler showed that more 157 reproducible results were obtained for CO 2 and CH 4 using the pump while obtaining the same 158 level of accuracy. Water temperature, pH and dissolved oxygen profiles were recorded using a 159 YSI 6600 multiprobe system. were separated using a tangential flow filtration (TFF) system fitted with a 0.45-μm 165 polyvinylidene difluoride cartridge filter. The TFF system was coupled to a RealSoft PROS/2S 166 reverse osmosis (RO) system which was used to remove all salts, including most inorganic 167 nitrogen species, and to concentrate DOM as described by Ouellet et al. [2008] . Briefly, upon 168 feeding the TFF with bulk water using a peristaltic pump, the retentate (containing fine 169 particulate organic carbon, FPOM, >0.45 μm) was returned to the original container while the 170 permeate was fed to the RO system for concentrating DOM. Dilute NaOH rinses of the RO 171 membranes were done between each sample to limit carry-over between samples. Carbon mass 172 balance calculations showed that the mean DOC recoveries of the system were 86.9 ± 2.4 %, 173 while the mean total OC recoveries (fine particulate organic carbon, or FPOC, + DOC) were of 174 90.4 ± 3.5 % [Ouellet et al., 2008] . The POM and DOM samples were doped with HgCl 2 (~0.3 175 mM final concentration) and freeze-dried in preparation for elemental (C, N and Fe) and isotopic 176 analysis ( 13 C org and  15 N tot ). 177
Water for DIC and POC analyses was sampled every 1 to 5 meters over the entire water 178 column to a maximum of 20 meters in each water body in the spring and summer of 2007. Water 179 samples for DIC analysis were stored in air-tight 500-mL amber glass bottles (no head space), 180 preserved with HgCl 2 and kept at 4°C until analysis. The corresponding POC samples were 181 collected on combusted GF/F filters (0.7-μm nominal pore size) and freeze-dried. respectively. 211 DIC concentrations and isotopic ratios were acquired with an Isoprime Multiflow 212 instrument and using two pre-calibrated in-house CaCO 3 powders (δ 13 C = -3.91 ± 0.08 ‰ and 213 9.58 ± 0.08 ‰, respectively). Standards were accurately weighed to obtain final C concentrations 214 ranging between 1 and 10 mg L -1 . Degassed deionized water was added to the powder and 215 quickly transferred to air-tight vials for quantitative analysis. Between 0.5 and 1.5 mL of 216 standards or samples was transferred through the septum of an air-tight and helium-purged 4-mL 217 vial containing 50 µL of phosphoric acid. The vials were mixed and digested for 60 minutes at 218 60 °C to transform all carbonate species into CO 2 prior to analysis. Standard water blanks and 219 vial blanks were also analyzed to correct for water and air contamination. Reproducibility for 220 DIC concentrations and stable isotope measurements were < 5% and < 0.1‰, respectively. 221
DOM-complexed iron 222
The iron content of the concentrated DOM samples collected with the reverse osmosis 223 system were analyzed for iron by direct injection using an Agilent 7500 series ICP-MS following 224 acidification with nitric acid and internal standard addition (scandium). Quantification was done 225 through external calibration with a Certipur ferric nitrate standard. Five replicate measurements 226
were acquired for each sample, with a precision and accuracy better than 3%. 227
Statistical analyses 228
CO 2 and CH 4 , DOC and nutrient measurements were first averaged for each sampling 229 station independently of the number of samples analyzed. Average values for entire water bodies 230 were then calculated using the values obtained from each sampling stations, and standard 231 deviations were propagated using the pooled standard deviations [Harris, 2007] . This method 232 prevented the over-representation of the stations with higher sampling frequencies; our results 233 thus integrate spatial and temporal (i.e. daily) variations over the short period spent at each site. 234
Where applicable, the significance of the observed trends was tested using the Welch's t-test, 235 which allows the evaluation of parameters having unequal data variance and replicates. 236
Results 237

Greenhouse gases 238
Averaged CO 2 and CH 4 concentrations in surface waters for the aquatic systems studied 239 in this work are presented in Table 2 . The wood harvested Lake Bouleau, which was recently 240 flooded following the erection of a beaver dam, had very high dissolved CO 2 concentrations 241 ; p < 0.005). The CH 4 concentrations and fluxes measured in Lake 249
Brock were obtained in periods of low wind, which explains the high water concentration levels 250 and low fluxes recorded for this lake. 251
We also tested whether the differences in CO 2 concentrations measured in the studied 252 aquatic systems could be explained by variations in OM inputs resulting from differences in 253 watershed size. Plotting the watershed size versus the cumulated CO 2 concentrations of lakes and 254 reservoir with a natural watershed reveals that both parameters were entirely decoupled (slope of 255 -0.06 and r 2 = 0.08), thus suggesting that the size of the watershed alone was not the main driver 256 of CO 2 concentrations in the surface waters of these aquatic systems. When plotting natural lakes 257 with non-harvested watersheds and systems with wood-harvested watershed, a strong positive 258 linear correlation was found (r 2 = 0.90, p < 0.05; not shown) suggestive of a strong effect of 259 wood harvesting on water CO 2 concentrations. 260
Water chemistry 261
The concentration of DOC, TN and TP, as well as pH in the surface waters of the natural 262 and perturbed aquatic systems are presented in Table 3 . Averaged water pH and DOC 263 concentrations co-varied (Table 3 and To gain information on the balance and extent of net heterotrophy (CO 2 producing, O 2 276 consuming bioprocesses) and net autotrophy (CO 2 consuming, O 2 producing bioprocesses) in our 277 systems, all the average CO 2 concentrations and oxygen percentage saturation levels (% O 2 ) 278 measured in this study were grouped by zones of contrasting physico-chemical characteristics 279
within lakes and reservoirs (epi/hypolimnion, photic, and aphotic; Figure 3 ). In lakes with wood 280 harvested watersheds, the thermocline was always positioned at a depth corresponding to the 281 bottom of the photic zone (Table 1) . A strong negative correlation (r 2 = 0.90, p < 0.0001) 282 between CO 2 concentrations and % O 2 of hypolimnetic lake water was observed ( Figure 3A) , 283 reflecting heterotrophic OM consumption. Generally higher % O 2 were found in the photic 284 epilimnion compared to the aphotic hypolimnion in lakes ( Figure 3A 
Bulk organic matter analyses 292
To estimate the importance of terrestrial litter and soil as OM sources in the aquatic cycle 293 of C, a DOM leaching experiment was carried out on samples collected in the vicinity of the 294 water systems. The litter samples had δ 13 C org , δ 15 N tot and atomic C:N compositions of -27.2 ± 1.1 295 ‰, -1.0 ± 0.9 ‰, and 35.1 ± 2.0, respectively, while soil OM from deeper horizons was 296 generally more enriched in δ 13 C org , δ 15 N tot and had higher C:N atomic ratios (Table 4) . Litter and 297 soil leached large quantities of water soluble OC and organic N (> 99 % of leached TN was 298 organic N; results not shown). In most cases, the δ 13 C signatures of the soil leachates were 299 enriched by 1 to 2 ‰ compared to those of the initial bulk material (Table 4) , while the 300 enrichment was even greater for δ 15 N (1 to 5 ‰). Soil leachates atomic C:N ratios were also 301 much lower than those of bulk OM (decrease ranging between 40 and 70%). 302
The bulk results obtained from the water column DOM and FPOM samples averaged 303 over the entire water column are shown in Table 5 . Only modest variations in δ 13 C compositions 304 were observed in DOM (δ 13 C from -26.3 to -28 ‰) between water bodies whereas greater 305 differences were observed in FPOM samples (δ 13 C from -27.7 to -30.4 ‰). Significantly higher 306 C:N FPOM values were found in perturbed water bodies (as high as 31.2 in the Decelles reservoir; 307 single factor ANOVA, p < 0.01). In all the systems studied, Fe and DOC concentrations were 308 strongly correlated (r 2 = 0.86, p < 0.0005; Figure 4) . 309
Dissolved inorganic carbon (DIC) and POC isotopic variations 310
The spring and summer δ 13 C DIC data points from all the depth profiles measured in this 311 study were compiled and plotted in Figure 5 . Higher DIC concentrations were found at depth 312 (hypo-and epilimnetic aphotic) compared to the surface (epilimnetic photic) waters in all 313 systems; moreover, the variations in DIC concentrations and isotopic signatures between the 314 spring and summer were very similar in all lakes. In Figure 6 , the same  
Discussion 320
In this discussion, we explore the relationships between the high DOC, TN and CO 2 321 concentrations measured in the perturbed systems and the major GHG producing pathways, 322 namely, bacterial degradation and photo-oxidation. We also discuss the influence of terrestrially 323 derived DOM and FPOM inputs, derived from natural (beaver dam) or human (reservoir 324 impoundment and wood harvesting) perturbations, on primary productivity. concentrations measured for aquatic system with high watershed area to lake area ratio. In this 335 study, significant correlations between DOC concentrations and this ratio were obtained only 336 when the natural lakes were plotted with the wood harvested systems (Lake Bouleau excluded), 337
suggesting that DOC concentrations are more closely linked to the additional inputs of 338 allochthonous OM caused by increased erosion and OM leaching in the wood harvested systems 339 rather than to natural OM inputs from a large watershed [Sobek et al., 2003] . concentrations were measured in this system compared to other lakes and reservoirs (Table 2) . 359
Very low dissolved O 2 concentrations were also recorded in the water column of this lake 360 (saturation level of only ~3% near the sediment-water interface) suggesting that important OM 361 degradation or CH 4 oxidation to CO 2 occurs [Steinmann et al., 2008] . The physical 362 characteristics of Lake Bouleau (shallow water column, dendritic lake) and its much higher CO 2 363 and CH 4 concentrations are analogous to a recently flooded system rather than a natural lake, a 364 wood harvested lake or a stabilized reservoir. 365
Systems with the highest DOC concentrations (flooded systems such as Lake Bouleau 366 and both reservoirs) also emit more methane (Table 2) Mass balance calculations using the above end-member signatures reveal a contribution of 22 to 400 87% for the terrestrial matter (litter and soil), with the rest derived from algal OM (Table 5 ). This 401 result is supported by the measured atomic C:N FPOM ratios, which fell between the values 402 obtained for the two end-members analyzed in this study (terrestrial litter: 35.1 ± 2.0, Table 4 ; 403 and cultivated algae: 9.7 ± 0.1, data not shown). The terrestrial contribution calculated using 404 these ratios accounted for 27 to 84% of the total FPOM pool. Table 1 ). Dissolved O 2 production from autotrophic activity sometimes even surpassed 429 bacterial O 2 utilization in the studied systems, resulting in O 2 supersaturation. Epilimnetic CO 2 430 concentrations were for the most part decoupled from O 2 saturation levels; this phenomenon was 431 mostly observed in the photic/epilimnetic zones of the non-harvested systems and suggests that a 432 process other than heterotrophy, likely CO 2 efflux to the atmosphere, was a significant pathway 433 for CO 2 loss (Figure 3) . The thermocline, which was in place in all lakes during the stratified 434 period, therefore acts as a semi-permeable barrier to dissolved gases. The transfer of GHG and 435 O 2 to the epilimnion likely is controlled by the cumulated partial pressure of each gas and the 436 storage capacity of both water layers [Kim et al., 2006] . Figures 5B and D) , which indicates that a significant fraction of highly depleted CH 4 originating 458 from methanotrophic activity is oxidized and is in fact a major contributor to the total DIC pool. 459
Because sedimentary methane δ 13 C compositions fluctuate by as much as 16 ‰ within periods as 460 short as 24 hours [Jedrysek, 1995] , its exact contribution to total δ 13 C DIC cannot be calculated 461 with accuracy. Isotopic evidence of methane contribution to the DIC pool was observed only for 462 high DIC concentration samples within or just below the thermocline of lakes (which were all 463 stratified during both the spring and summer sampling). Both natural and wood-harvested lakes 464
showed substantial seasonal variability in δ 13 C DIC with more enriched δ 13 C DIC signatures in 465 spring (-3.9 to -24.8 ‰) compared to the summer (-13.9 to -41.3 ‰; Figure 5A and 5C). These 466 broad seasonal differences suggest that, in addition to methane oxidation, photo-and bacterial 467 oxidation of the reactive and δ 13 C depleted DOC pool was probably also responsible for the 468 summer depletion of δ forest is due to pelagic rather than benthic respiration. 472
Our surface CH 4 concentrations and diffusive atmospheric flux measurements (Table 2)  473 were in general two to three orders of magnitude lower than those for CO 2 . Methane originating 474 from these systems is most likely generated by the fermentation of OM followed by the splitting 475 of acetate into CO 2 and CH 4 in the sediment resulting in 13 C-enriched CO 2 and 13 C-depleted CH 4 476 [Steinmann et al., 2008; Dubois et al., 2009] . While this is an important CH 4 production 477 pathway, the samples collected in the hypolimnetic zone of the lakes were too δ 13 C-depleted for 478 acetate splitting to be the main process by which DIC was generated ( Figures 5A and C) . 
Summary and implications 491
Only a limited number of studies have focused on the modifications in the aquatic C 492 cycle caused by reservoir impoundment and wood harvesting. Perturbed systems receive large 493 quantities of terrestrial materials through flooding or increased erosion, which profoundly affect 494 the biogeochemistry of these systems compared to natural lakes. Wood harvesting more strongly 495 affects C cycling than mature reservoir operation because it leads to a higher export of nitrogen-496 rich, and potentially more reactive terrestrial OM to aquatic systems. Its effects should however 497 diminish rapidly with forest re-growth. Export of terrestrial OM caused by recent forest cutting 498 favors heterotrophy over autotrophy, which results in the depletion of O 2 and the potential loss of 499 animal and fish populations. The recovery period needed for aquatic systems to return to their 500 pre-harvesting condition should thus be evaluated carefully through long-term biogeochemical 501 monitoring. Our findings also show that wood harvesting history should be documented when 502 selecting water bodies for large scale CO 2 and CH 4 emission studies, particularly in cases where 503 the emissions from mature reservoirs and natural lakes are compared. Much higher variability 504 and important biases may be introduced if significant portions of the watersheds are exploited for 505 wood harvesting. Our results further suggest that the current Canadian regulations prescribing 506 non-harvested buffer strips of 20 m between water bodies/streams and harvested areas are not 507 sufficient as they could not prevent large quantities of DOM and nutrients to leach into the water 508 bodies and alter the biogeochemical processes controlling C cycling in these systems. 509
It remains a matter of debate whether or not differences in yearly GHG emissions 510 between lakes and reservoirs are significant, especially when non-linear events, such as ice 511 breakup, lake overturn and gradual hypolimnion-epilimnion CO 2 and CH 4 transfers are 512 considered. We however maintain that the biogeochemistry of these lakes and reservoirs contrast 513 significantly, even when lakes are compared to reservoirs that are over 80 years old. The cause 514 and significance of these differences are still not fully measured or understood. Further work 515
should target the role of the contrasting redox conditions prevailing in the water column and 516 surface sediments of reservoirs (oxic) and lakes (hypolimnion of stratified lakes becoming 517 increasingly O 2 -depleted during the summer), and how they affect OM degradation rates in 518 sediments. 519
While including perturbed and natural systems in a study such as this one helps highlight 520 trends and relationships controlling C and N cycling in boreal aquatic systems, a better 521 understanding of all biogeochemical variables is a key prerequisite for predicting the impact of 522 anthropogenic forcing on small (wood harvesting, reservoir impoundment) and large (climate 523 change) temporal and spatial scales. Perturbed water bodies receive higher inputs of terrestrial 524 materials, which alters the delicate balance between heterotrophy, autotrophy and 525 photochemistry that exists in natural systems. In this work, we clearly observed that these 526 perturbed systems are more prominent CO 2 emitters in the spring and summer months compared 527 to natural systems, although more work on a much larger number of water bodies, and 528 encompassing all four seasons should be undertaken to better understand the controls, rates, as 529 well as spatial and temporal variability of GHG emissions, and to make quantitatively 530 meaningful and accurate comparisons of GHG emissions (and other key variables) from natural 531 and perturbed systems. 
